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Abstract: This paper discusses the control and protection of a microgrid that is 
connected to utility through back-to-back converters. The back-to-back converter connection 
facilitates bidirectional power flow between the utility and the microgrid. The back-to-back 
converters can operate in two different modes – one in which a fixed amount of power is drawn 
from the utility and the other in which the microgrid power shortfall is supplied by the utility. In 
the case of a fault in the utility or microgrid side, the protection system should act not only to 
clear the fault but also to block the back-to-back converters such that its dc bus voltage does not 
fall during this time. Furthermore, a converter internal mechanism prevents it from supplying 
high current during a fault and this complicates the operation of a protection system. To 
overcome this, an admittance based relay scheme is proposed, which has an inverse time 
characteristic based on measured admittance of the line. The proposed protection and control 
schemes are able to ensure reliable operation of the microgrid. 
 
1. INTRODUCTION 
 
A load sharing with minimal communication is more suitable for a distribution system as 
the network can be complex and span over a large area. The most common method is the use of 
droop characteristics. A utility connected microgrid connection provides more reliable power, 
and with this in mind, this paper proposes a configuration with a control and protection scheme 
that is suitable for supplying high quality electrical power to the microgrid, specifically when it 
is being supplied through controlled converters. The real and reactive power sharing can be 
achieved by controlling two independent quantities – the frequency and `fundamental voltage 
magnitude [1-2]. In [3], parallel converters are controlled with consideration of the line 
impedance effect and a decentralised control is achieved. In the case of only converter interfaced 
distributed generators (DGs), power sharing is possible by controlling the converter output 
voltage angle [4]. Different generation technologies and microgrid standards are shown [5]. The 
switching controls of the interfacing converters and environmental issues related to microgrid are 
also addressed here. The control over the power flow between the utility and microgrid ensures 
more efficient power management. With a bidirectional control on the power flow, it is possible 
to specify exact amount of power supplied by the utility and power can also be fed back from the 
microgrid to utility during lesser power demand in the microgrid. The isolation of utility and 
microgrid also prevents the impact of voltage or frequency fluctuation in the utility side on the 
microgrid loads.  
In a utility connected microgrid, protection of the system during any fault is always a 
major concern, especially since the converters are usually current limited. In such an event, 
overcurrent protective devices may not respond or take a long time to respond [6, 7]. Many 
schemes have been proposed for the protection of microgrid [8-11]. In [8], out-of-step relaying 
practices are discussed for small generation protection, and this paper provides guidelines for the 
relay settings for small generators. A procedure using a custom-tailored genetic algorithm is 
proposed for finding optimal positions for DG and protection devices are presented in [9], when 
the feeder is equipped with capacity-constrained distributed generators. Using particle swarm 
optimisation, [10] proposes a protective relay coordination scheme for microgrid operation and 
[11] provides a low-voltage (LV) dc microgrid protection system design. 
In this paper, the control and protection of utility connected microgrid through back-to-
back converters are proposed. The back-to-back converters provide the bidirectional controlled 
power flow and isolation between the utility and the microgrid. There are two modes of 
operations. In the first mode, the utility provides a fixed amount of power while the rest of the 
power requirement is shared among the DGs in the microgrid. In the case of high power demand 
in the microgrid, the DG supplies their rated power while the balance of power is supplied by the 
utility, which is the second mode of operation. A new inverse time relay characteristic is 
proposed using measured admittance of the protected line. The proposed relay has the capability 
to isolate the faults in the utility or microgrid side. Especially, this relay provides fault detection 
under low fault current levels. The coordinated control and protection of the power electronic 
equipment during faults in the utility or microgrid side is achieved, ensuring maximum reliability 
and proper power sharing. 
 
2. MICROGRID SYSTEM 
 
The system under consideration is shown in Fig.1. The radial utility system connected to 
the voltage source vs and supplying current is donated by is. The utility loads are shown as Load1 
and Load2. A simple microgrid model with back-to-back converters and two DG sources is 
shown in the Figure. The microgrid has three loads connected, one at each bus, as shown. The 
real and reactive powers drawn/supplied are denoted by P and Q respectively. The back-to-back 
converters are connected between the microgrid at Bus-2 and the utility grid at Bus-B. Both the 
converters (VSC-1 and VSC-2) are supplied by a common dc bus capacitor with a voltage of VC. 
The converters can be blocked with their corresponding signal input BLK1 and BLK2. DG-1 and 
DG-2 are connected through voltage source converters to the microgrid. The output inductances 
of the DGs are indicated by L1 and L2 respectively. The real and reactive power supplied by the 
DGs are denoted by P1, Q1 and P2, Q2, while the real and reactive power demand of the 
microgrid loads are denoted by PL1, QL1, PL2, QL2 and PL3, QL3. It is assumed that the microgrid is 
in distribution level with mostly resistive lines, whose impedances are denoted by ZD1 and ZD2. 
 
3. CONVERTER STRUCTURE AND CONTROL 
 
Fig. 2(a) shows the converter structure of the VSC-3 which connects DG-1 to the 
microgrid. DG-1 is assumed to be an ideal dc voltage source supplying a voltage of Vdc1 to the 
VSC. The converter contains three H-bridges. The outputs of the H-bridges are connected to 
three single-phase transformers that are connected in wye for required isolation and voltage 
boosting [12]. The switching and transformer losses are represented by Rf. In this paper, it is 
assumed that the converters have LCL type of output filters. This LCL filter constitutes of the 
leakage reactance of the transformers (Lf), the filter capacitor Cf is connected to the output of the 
transformers and L1. The converter structure of DG-2 (VSC-4) is the same as DG-1. The 
converters of the back-to-back have the same structure but they are supplied by the common 
capacitor voltage VC as shown in Fig. 1. It is to be noted that VSC-2 has an output inductance LG 
(shown in Fig. 1) while VSC-1 is directly connected to the utility Bus-B without an output 
inductance. 
The equivalent circuit of one phase of the three phase converter is shown in Fig. 2(b), 
where, uVdc1 represents the converter output voltage and u is the switching function that can take 
on values   1. The main aim of the converter control is to generate u. 
From the circuit of Fig. 2(b), the following equations are obtained for each of the phases 
of the three-phase system 
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Defining a state vector as 
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The averaging of the input signal over the switching cycle is a well accepted process 
provided that corner frequency of the filter sufficiently below the switching frequency. The 
operating condition is examined within the normal operating range, i.e. no magnetic saturation or 
no saturation of modulation index. 
The main nonlinearity, people have identified in small signal analysis of VSC, is zero 
crossing distortion. In this case, however, it is assumed that high gain hysteretic feedback is 
stable to keep the error within the hysteretic band and thus the small non linearity is overcome by 
this high gain non linear feedback. 
Thus it is assumed here that the tracking is perfect and hence, in the limit, u can be 
represented by uc, where uc is the continuous time control input, based on which the switching 
function u is determined. The discrete-time equivalent of (4) is 
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Let the output of the system given in (5) be vcf. The reference for this voltage is given in 
terms of the magnitude of the rms voltage V1* and its angle δ1*. From these quantities, the 
instantaneous voltage references v1* for the three phases are generated. Neglecting the PCC 
voltage vPCC assuming it is to be a disturbance input, the input-output relationship of the system 
in (5) can be written as: 
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The control is computed from: 
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Then the closed-loop transfer function of the system is given by: 
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The coefficients of the polynomials S and R can be chosen based on pole placement strategy 
[13]. Once uc is computed from (7), the switching function u can be generated as 
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where h is a small number. 
All four VSCs are controlled using the above control strategy. Hence, all controllers 
require instantaneous reference voltages. These are discussed in the next two sections. 
 
4. CONVERTER REFERENCE GENERATION 
 
This section describes the reference generation for the converters. First the back-to-back 
converters reference generation is described and then the reference generation for the DG 
interfacing converters is discussed.  
4.1. Reference generation for back-to-back converters 
In back-to-back converters, both the VSCs are supplied from a common capacitor of 
voltage VC as shown in Fig. 1. As mentioned before, depending on the power requirement in the 
microgrid, there are two modes of operation.  
4.1.1. VSC-1 reference generation 
Reference generation for VSC-1 is the same in both modes. The Reference angle for 
VSC-1 is generated as shown in Fig. 3(a). First, the measured capacitor voltage VC is passed 
through a low pass filter to obtain the average dc voltage VCav, which is then compared with the 
reference capacitor voltage VCref. The error is fed to a PI controller to generate the reference 
angle δref [13]. VSC-1 reference voltage magnitude is kept constant, while angle is the output of 
the PI controller. The instantaneous voltages of the three phases are derived from them. 
It is well known that when two voltage sources are connected through an inductor, the 
power flow mainly depends on the angle between the voltages. In the scheme shown in Fig.1, 
nominally VSC-1 draws power from utility side (Bus-A). Therefore Bus -B voltage angle should 
lag Bus-A voltage angle. If the power flow through the back-to-back converters is exactly 
balanced (i.e. power entering VSC-1 goes out of VSC-2, barring the losses), the dc capacitor 
voltage (Vc) is maintained constant. Any deviation of the voltage Vc from its reference value is 
indicative of a power imbalance, between the two converters, which can be corrected by 
correcting the angle δ. 
The steady state angle will depend on the voltage angle of Bus-B and the reference power 
flow. The choice of Kp and Ki decides the settling time during change in power flow and 
resynchronization. The proportional gain (Kp) decides the rise time while integral gain (Ki) limits 
the steady state error of the system response. Depending on the requirement, these values must 
be chosen very carefully to meet desired dynamic response. The angle δ is measured with respect 
to utility voltage and hence must be negative for power flow from the utility side. It is to be 
noted that if VCav, falls below VCref, the angle δ must advances to draw more power. Similarly 
when VCav, rises above VCref , the angle δ must retard. This is why the gains are chosen negative. 
 
4.1.2. VSC-2 reference generation  
The reference generation for VSC-2 is different in two modes and are discussed below. 
 
Mode-1 
Fig. 3(b) shows the VSC-2 and its connection to the microgrid, the connection point 
being termed as PCC in this paper. VSC-2 is connected through an output inductance LG and 
controls the real and reactive power flow between the utility and the microgrid. The voltages and 
current are shown by their phasor values. Let us assume that, in mode-1, the references for the 
real and reactive power are PTref and QTref respectively and the VSC-2 output voltage is denoted 
by VTT and the PCC voltage by VPP. Then, the reference voltage magnitude and its angle 
for VSC-2 can be calculated as: 
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It is to be noted that the sign of the active and reactive power references are taken as negative 
when it is desirable to supply the power from the microgrid to the utility side. 
 
Mode-2 
In mode-2, the utility supplies the deficit in the power requirement through the back-to-
back converters and the DGs supply their maximum rated power. The voltage magnitude and 
angle reference of VSC-2 are generated as: 
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where maximum rating of the back-to-back converters are given by PTmax, QTmax and VTmax and 
δTmax are the voltage magnitude and angle respectively, when it is supplying the maximum load. 
The VSC-2 droop coefficients mT and nT are chosen such that the voltage regulation is within an 
acceptable limit from maximum to minimum power flow through the back-to-back converters. 
It can be seen that under normal operating conditions, VSC-1 provides a constant voltage 
with change in angle depending on the power flow requirement with help of PI controller as 
shown in section 4.1.1. VSC operates depending on the mode of operation and provide fixed 
amount of power or the excess power requirement from the microgrid as described in section 
4.1.2. 
In case of power imbalance due to malfunction of the converters devices, the dc link 
voltage may rise or collapse. In either of the case, after a limit is set beyond which the converters 
are blocked and the microgrid operates in islanded mode. 
 
4.2. Reference generation for DGs 
The control strategy for both the DGs is the same and hence only DG-1 reference 
generation is discussed here. 
 
A. Mode-1 
In mode-1, the utility supplies a fixed amount of power through the back-to-back 
converters and the rest of the power requirement is shared among the DGs based on droop 
control. The output voltages of the converters are controlled to share this load proportional to the 
rating of the DGs. As the output impedance of the DG sources is inductive, the real and reactive 
power injection from the source to microgrid can be controlled by changing output voltage 
magnitude and its angle [4]. Fig. 3(c) shows the power flow from DG-1 to microgrid where the 
voltages and current are shown in rms values and the output impedance is denoted by jX1. 
The power requirement can be distributed among the DGs, similar to conventional droop 
[4] by dropping the voltage magnitude and angle as: 
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where V1rated and δ1rated are the rated voltage magnitude and angle respectively of DG-1, when it 
is supplying the load to its rated power levels of P1rated and Q1rated. The coefficients m1 and n1 
respectively indicate the voltage angle drop vis-à-vis the real power output and the magnitude 
drop vis-à-vis the reactive power output.  
Stability of LCL is well understood under hysteresis control [14]. The LCL parameters 
are chosen such that the filter has a resonant frequency of around 1.4 kHz. In general, this is high 
enough for most of the harmonic components present in a power system. Therefore the filter 
cannot affect a sustained oscillation by itself. However, such oscillations can exist when multiple 
converter operate in droop control mode as shown in [15]. But the frequency of these oscillations 
is around the fundamental frequency, far away from the filter resonance frequency. 
 
B. Mode-2 
As mentioned before, in mode-2, the DGs supply their maximum available power and the 
power deficit is supplied by the utility. Let us denote the available active power as P1avail. Then 
based on this and the current rating of the DG, the reactive power availability Q1avail of the DG 
can be determined. The voltage references are then calculated as: 
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4.3. Reference generation after utility outage and resynchronization 
The converters are switched in output feedback voltage control mode during normal 
operations and output feedback current control mode [14] during the faults to limit the fault 
currents. For fault in the utility side the back-to-back converters are blocked and CB-1 and CB-2 
are operated. The back-to-back reference angle is hold at initial value before the fault. This angle 
is used during resynchronization process which will be discussed in next section. In absence of 
utility, the microgrid runs in autonomous mode while DG reference generation is derived 
through (13). Once the fault is clear, the system can be resynchronised and can operate in mode-
1 or mode-2. 
 
5. PROTECTION SCHEME 
 
5.1. Relay characteristic 
To overcome the protection difficulties due to current limiting operation of the converters 
during a fault in a microgrid, a new inverse time relay characteristic is proposed, based on 
measured admittance. This ensures fault detection even with lower fault current levels. To 
explain this scheme, let us consider the line segment as shown in Fig. 4(a). It is assumed that the 
relay is located at node R and K is an arbitrary point on the line. The total admittance of the 
protected line segment is denoted by Yt and measured admittance between the points R and K is 
denoted by Ym. Then, the normalized admittance (Yr) can be defined as: 
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An inverse time tripping characteristic is obtained from this normalized admittance. The 
general form for the inverse time characteristic of the relay can be expressed as: 
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where the tripping time is denoted by tp  and A,  and k are constants. The values of these 
constants can be selected to obtain the desired tripping time. For example, the relay tripping 
characteristic for A = 0.008,  = 0.1 and k = 0 is shown in Fig. 4(b). The relay gives a lower 
tripping time for a fault near to the relay since the normalized admittance (i.e. Yr) becomes 
higher as the fault point moves towards the relay location. The working principle of the relay is 
derived in Appendix –A. It discussed the protection elements associated with the relay for fault 
detection effectively independent of network structure. 
The relay reach setting can be implemented by choosing a suitable value for the Yt. For a 
particular relay, different values for Yt can be assigned to generate a number of required zones of 
protection as in the case of distance relays. For example, the reach of Zone-1 of each relay can 
be set as 120% of positive sequence admittance of the line segment and, for Zone-2, it can be 
selected as twice the positive sequence admittance of a line segment. The proposed new relay 
has the ability to detect faults occurring at either side of the relay location in a radial feeder. 
However, for the relay to operate for reverse faults there must be an infeed from a DG located 
downstream from the relay. If the distribution network consists of these relays located at equal 
distances, the same relay reach setting can be used to isolate forward and reverse faults.  
 
5.2. Proposed protection scheme 
The breaker locations in the test system are shown in Fig. 1. The utility breakers CB-u1, 
CB-u2 and CB-u3 and the microgrid breakers CB-m1 and CB-m2 are operated by the proposed 
admittance relay as discussed above. It is assumed that each of the relays has two zones of 
protection. The relay settings are done based on the admittance between the adjacent buses to 
cover the primary and backup protection zones. The back-to-back converters are protected by the 
breakers CB-1 and CB-2. During a fault in the utility or microgrid side, as a result of high fault 
current, the back-to-back converters hit their current limit. After two cycles of current limiting 
operation, the converters are blocked and the breakers (CB-1 and CB-2) are opened to isolate the 
utility from the microgrid. Once the fault is cleared, the system is resynchronised. Two different 
fault locations (F1 and F2 as shown in Fig. 1) are considered to demonstrate the efficacy of the 
protection later in the simulation studies. Here, the general protection scheme is explained for 
faults in both microgrid and utility sides. 
 
5.2.1. Fault in microgrid side 
For a fault in the microgrid side, output currents of interfacing converters of DG-1, DG-2 
and back-to-back converters are limited to their maximum current rating. In the case of a fault 
between Bus-1 and Bus-2, both the relays associated with CB-m1 and CB-m2 respond to isolate 
the faulted segment (see Fig. 1). On the other hand, only CB-m2 operates for the faults between 
Bus-2 and Bus-3. A timing diagram of the breaker operation and blocking signals for the back-
to-back is shown in Fig. 5(a) for a fault at F1. The fault occurs at the time t_fs as shown in the 
Figure. The back-to-back converters identify the faulted condition by sensing the current limited 
operation for a defined time period (two cycles). Then the back-to-back protection scheme 
blocks the converters VSC-1 and VSC-2 by issuing BLK1 and BLK2. At the same time, trip 
signals for circuit breakers CB-1 and CB-2 are issued to isolate the back-to-back from the 
microgrid and utility. The relay associated with CB-m2 responds to isolate the fault from the 
microgrid side. Each breaker delay time is shown by t_op in the diagram. The DGs have their 
own circuit breaker to disconnect themselves from the microgrid after a defined time period 
(three cycles) of current limiting operation. This time period is kept to detect the faults by relays 
and restore the un-faulted segment quickly if possible (i.e., DG capacity is enough to supply the 
load demand). Therefore, DG-2 is disconnected from the microgrid after the defined time period 
as shown in the Figure. 
Once the fault is cleared, the resynchronization process is started. The deblocking signal 
for the upper converter (VSC-1) of the back-to-back is activated and circuit breaker CB-2 is 
initiated to close. The deblocking signal for VSC-2 and closing signal for CB-1 is generated after 
a time delay to ensure the DC capacitor reaches the reference voltage before the back-to-back is 
connected to the microgrid. The time delay between CB-2 and CB-1 is shown by t_cc in Fig. 
5(a). This delay is required to ensure that the back-to-back converter DC capacitor reaches 
steady state before CB-1 is closed. This results in a smooth resynchronization of the system. 
Depending on the power demand and power generation by the DGs, the microgrid can 
operate in any mode of operation as discussed in Section 4.  
 
5.2.2. Fault in utility side 
For a fault at the utility side, the utility protection system responds to isolate the fault. For 
example, CB-u3 operates to discriminate the faults beyond the Bus-C. Fig. 5(b) shows the timing 
diagram for a fault near Bus-C. Similar to the microgrid fault, DGs and back-to-back converter 
switch into the current limiting mode. The blocking signals of back-to-back and tripping signals 
for the breakers CB-1 and CB-2 are generated as shown in Fig. 5(b). The relay at BUS-C isolates 
the fault by opening the CB-u3. The DGs operate in their current limiting mode during the fault 
and once the back-to-back isolates the microgrid and utility, DGs share the microgrid load in an 
autonomous mode operation. Once the fault is cleared in the utility side, back-to-back starts the 
process of resynchronization. The upper breaker and VSC-1 connect first to charge the dc 
capacitor, and after a defined time delay VSC-2 and CB-2 are closed as before. The time delay of 
each breaker is indicated as t_op and the time duration for capacitor charging is shown as t_cc in 
the Figure. 
 
6. SIMULATION STUDIES 
 
In this section, the simulation studies are presented. In the first two cases, the basic power 
sharing with converter interfaced DGs and power flow control through back-to-back converters 
are demonstrated. Cases 3, 4 and 5 discuss coordinated power electronic switching, relay-breaker 
operation and blocking/deblocking of the converters during a fault in the utility or microgrid 
side. In the simulations, the utility is modelled with distributed line parameters to consider a 
larger network. However, we have assumed that the microgrid spans within a small geographical 
area and the microgrid line can be represented with a short line model. The system parameters 
are shown in Table 1.  
 
6.1. Change in power supply from utility 
With the back-to-back converters it is possible to supply a fixed amount of power to the 
microgrid. The rest of the power requirement is shared by the DGs based on droop control. If the 
power flow from the utility to the microgrid is altered by changing the power flow reference, the 
extra power is automatically picked up by the DGs. 
Fig. 6(a) shows the real power sharing, where at 0.1 s the power flow from the utility is 
changed to 30% of the total load from the initial value of 50%. In this Figure, PL is the total load 
power demand in the microgrid, while PT is the power entering from utility at the PCC (see Fig. 
1). It can be seen that the DGs pick up the extra power requirement and share it proportionally as 
desired (given in Table 1). Since the load power remains constant during the power flow change, 
we can conclude that a seamless operation has been achieved. The change in injected current 
from the utility is also shown in Fig. 6(a). The system reaches steady state within 4-5 cycles. 
As mentioned before, when the power demand in the microgrid is more than the rated 
power of the DGs, the control switches to mode-2. It is assumed that the microgrid is running in 
mode-1 and at 0.1s, the input power from DG-1 suddenly reduces to 0.06 MW. The system 
response is shown in Fig. 6(b). It can be seen that DG-2 picked up the extra power requirement 
while the supply from the utility remains unchanged. At 0.35 s, the power demand in the 
microgrid increases from 0.53 MW to 0.64 MW. This will require DG-2 to supply power that is 
beyond its maximum rating of 0.3 MW. Therefore, the power shortfall causes a change in the 
mode of operation and utility starts supplying the required extra power of 0.28MW. This mode 
change is initiated with VSC-2 droop gains of mT = 0.03 rad/MW and nT = 0.02 kV/MVAr. Fig. 
6(b) shows the PCC voltage and a balanced transient free voltage ensures the smooth mode 
change. 
 
6.2. Microgrid feeds power to utility 
If the power demand from the microgrid loads is less than the power generation 
capability of the DGs, the excess power can be fed back to the utility. It is desired that the utility 
supplies 40% of the microgrid load initially and at 0.1 s, however, the same amount of power is 
fed back to the utility by changing the sign of the power flow reference for the back-to-back 
converters. The DGs automatically start supplying the total load power and power to the utility. 
The power sharing and PCC voltage is shown in Fig. 7 where a constant load power ensures a 
smooth change of operating state. 
 
6.3. Islanding and resynchronization 
In the case of islanding, the back-to-back converters DC capacitor voltage is to be held at 
the nominal value for a seamless resynchronization. The blocking and breaker operations are 
same during islanding and resynchronization as discussed in Section 5. Fig. 8 shows the system 
response where an unintentional islanding occurs at 0.2 s and resynchronization is started at 0.7 
s. The breaker CB-1 is closed at 0.9s. The real power sharing is shown in Fig. 8(a), while Fig. 8 
(b) shows the DC capacitor voltage. The delay during reclosing of the breaker CB-1 ensures 
smooth resynchronizing process. 
 
6.4. Fault at the microgrid side. 
To investigate the effect of a fault in microgrid, a bolted three phase to ground fault is 
created at point F1 shown in Fig. 1. The microgrid breaker, CB-m2 operates to isolate the fault 
while CB-dg2 opens to protect the DG-2 after the defined time period, since DG-2 still feeds the 
fault. Load3 is tripped as there is no source to supply the power requirement. At the same time, 
trip signals are issued for the breakers CB-1 and CB-2 to isolate the utility and microgrid. After 
successful fault isolation, there is only DG-1 connected to the microgrid and there is no power 
from the utility; Load2 is disconnected and DG-1 supplies only Load1. Then back-to-back is 
resynchronised again as discussed previously and Load2 is reconnected to the microgrid. 
The real power sharing of the DGs and load powers is shown in Fig. 9(a), while Fig. 9(b) 
shows the three phase output voltage and injected current of DG-1 during the fault and 
resynchronization. With the system running in steady state, the fault occurs at 0.1s and the 
resynchronization of the utility is done at 0.5 s. It can be seen from Fig. 9(b), that DG-1 limits 
the output current during the fault. A stable voltage and current validate the efficacy of the 
proposed control scheme. Fig. 9 (c) shows the back-to-back PI controller output during the fault 
and resynchronization of the system. The unbalanced fault in the microgrid side as well as in the 
utility side is demonstrated in Appendix-B. However, the balanced utility fault is investigated in 
the next subsection. 
 
6.5. Fault at utility side 
To consider the faults at the utility side, a three phase to ground fault is simulated at point 
F2 (Fig. 1). Fig. 10(a) shows the real power output from the DG and power supplied by the 
utility. DGs supply the total power demand in the microgrid during fault and the system reaches 
the initial condition after the fault clearance and resynchronization. The current injection through 
the back-to-back converter is shown in Fig. 10(b) for one phase. The DG-1 three phase output 
voltage and current is shown in Fig.10(c) during the fault. The quick attainment of the system to 
steady state with balanced voltage and current validate the proposed protection and control 
scheme. The back-to-back PI controller output is shown in Fig. 10 (d) and it can be seen that the 
controller operates without saturation. 
It is to be noted that the mode change is initiated when all the DGs reach their available 
limits. Other than the broadcast signals, no other communication is needed between the back-to-
back converters and the DGs. 
 
7. CONCLUSIONS 
 
In this paper, load sharing, power flow control and protection technique are proposed for 
a utility connected microgrid. The microgrid is connected to the utility through back-to-back 
converters. Depending on the power generation of the DGs and the load requirement in the 
microgrid, the control scheme can operate in two modes. In the first mode, a specified amount of 
power can be supplied from the utility to the microgrid while the rest of the power requirement is 
shared by the DGs proportional to their rating. In a high power demand situation, the control 
switches to mode two in which the DGs supply their maximum rated power, while the utility 
supplies the rest of the power requirement through the back-to-back converters. In the case of 
fault either in the utility or microgrid side, the DG interfacing converters as well as the back-to-
back converters switch to current limited mode. The protection signal blocks the back-to-back 
converters to hold the DC capacitor voltage and ensure a smooth resynchronization after fault 
clearance. Proper switching of the breaker and other power electronics switches has been 
proposed during the islanding and resynchronization process to improve system reliability. The 
main challenge of protection system caused by current limited converter operation is overcome 
with the proposed protection and coordinated switching. 
 
APPENDIX-A –RELAY ELEMENTS 
The proposed relay has different types of protection elements to respond for different 
faults. All elements are designed to operate based on measured admittance of the protected line. 
 
(a) Earth element 
These elements will response for the line to ground faults. The number of elements varies 
depending whether protection has been configured as directional or non-directional. If protection 
is directional, then there are two independent earth elements per phase.  
The faulted network for single line to ground (SLG) fault is considered as shown in Fig. 
11(a), where the relay location will be at node R and fault is at node k. The fault impedance is 
denoted by Zf. Admittance between relay and fault point is denoted by YRK. Voltage at the relay 
location has been taken as VRa while Ifa represents the faulted current in phase A. Negative and 
zero sequence source voltages are also considered assuming the source is unsymmetrical during 
the fault. Sequence network for a SLG fault can be represented as shown in Fig. 11(b). The zero, 
positive and negative sequence Thevenin admittances between relay point and faulted point are 
represented by YRk0, YRk1 and YRk2 respectively. 
 
 
The sequence voltages at the relay point can be expressed as, 
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Voltages seen by relay VR will be given by 
021 RaRaRR VVaVaV              (A.2) 
Assuming fault resistance to be zero, 
03 1021  faf IZvvv             (A.3) 
From (A.1), (A.2) and (A.3), 
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And also it can be written, 
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Using (A.4) and (A.5), positive sequence measured admittance YRK1 can be written as, 
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where IRa is the line fault current through the relay and VRa is the faulted phase rms voltage. The 
relay is set based on the ratio of YRK1/ YRK0, calculated from the line parameters. 
(b) Phase elements 
These elements will response for the line to line faults in the network. Similar to the earth 
elements, the number of phase elements per phase varies depending on whether protection has 
been configured as directional or non-directional. For example, for phase A, two phase elements 
are employed, if protection is directional, one for the faults between phase A and phase B and 
another for the faults between phase A and phase C. Measured admittance seen by a phase 
element for a line to line fault, between phase A and phase B, can be expressed as, 
RbRa
RbR
RK VV
IaIY 
1              (A.7) 
where IRa and IRb are rms phase currents in faulted phases and VRa and VRb are faulted phase rms 
voltages.  
 
APPENDIX-B –UNSYMMETRICAL FAULTS 
 
Single lines to ground (SLG) faults are considered both in the microgrid and utility side 
to show the efficacy of the proposed control and protection scheme under unbalanced faults. 
 
(a) Fault at microgrid side. 
A SLG fault is created at point F1 as shown in Fig. 1. The circuit breaker, CB-m2 
responds to isolate the fault from the microgrid. The DG-2 will disconnect after the define time 
period since it still feeds the fault. At the same time, trip signals are issued for the breakers CB-1 
and CB-2 to isolate the utility and microgrid. After successful fault isolation, Load2 is 
disconnected and DG-1 supplies only Load1. The resynchronisation process is started and Load2 
is reconnected to the microgrid. 
The fault is created in phase A at 0.1 s and the system is resynchronised at 0.5 s. The real 
power sharing is shown in Fig. 12(a), while Fig. 12(b) shows the three phase output voltage of 
the DG-1. The injected current of DG-1 during the fault is shown in Fig. 12(c). It can be seen 
that DG-1 limits the output current of the faulted phase during the fault.  
 
(b) Fault at utility side 
To consider the unsymmetrical faults at the utility side, a SLG fault is simulated at point 
F2 (Fig. 1). The fault is created at 0.1 s and relay has responded at 0.14 s to isolate the fault form 
utility side. The system is resynchronised at 0.5 s. Fig. 13(a) shows the real power sharing 
among the utility and DGs. DGs supply the total power demand in the microgrid during fault and 
the system reaches the initial condition after the resynchronization. Three phase voltage at utility 
bus and DG-1 output current during the fault is shown in Figs. 13(b) and 13(c). 
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Fig.1 Microgrid system under consideration 
              
    (a)       (b)  
Fig. 2. Converter structure and one phase equivalent 
   
 (a) Angle controller for VSC-1     (b) VSC-2 connection to microgrid       (c) Power flow from DG-1 
Fig. 3. VSC connections and angle controller 
   
      (a) Protected line segment          (b) Relay tripping characteristic 
Fig. 4. Proposed relay admittance measurement and tripping characteristic 
 
          
 (a) Fault at microgrid     (b) Fault at utilty  
Fig. 5. Timing diagram of breakers and blocking signals 
 
 
(a) Change in power supply from utility   (b) Real power demand and voltage at PCC 
Fig. 6 
 
Fig. 7. Real power sharing and PCC voltage. 
 
 Fig. 8. Islanding and resynchronization. 
 
(a) Real power sharing    (b) DG-1 voltage and current  
 
(c) Controller output in case of microgrid fault 
Fig. 9. Fault at microgrid side 
 (a) Real power sharing      (b) Back-to-back current  
 
(c) DG-1 voltage and current    (d) Controller output in case of utiltiy fault 
 
Fig. 10. Fault at utility side 
 
 
     
(a). Faulted network for SLG fault    (b) Sequence network for SLG fault 
Fig. 11. Faulted network and sequence network for a SLG fault 
 
 
 
Fig. 12 Single line to ground fault in microgrid side 
 
 
Fig. 13 Single line to ground fault in utility side 
 
TABLE I. SYSTEM AND CONTROLLER PARAMETERS 
System Quantities Values 
Systems frequency 50 Hz 
Source voltage (Vs) 11 kV rms (L-L) 
Source Impedance (3.025+j 18.14)  
Feeder impedance Rs2= Rs3, Ls2= Ls3 
Positive sequence ( 2.75 +j 14.13)   
Negative sequence ( 2.75 +j 14.13)   
Zero sequence ( 5.5 +j 28.26)   
Microgrid Impedance ZD1= ZD2=(0.5+j 0.6283)  
Load 
Impedance (Balanced) 
 
RL = 150.0 , LL = 0.9H 
 
DGs and VSCs 
DC voltage (Vdc1, Vdc2) 
Transformer rating 
VSC losses (Rf) 
Filter capacitance (Cf) 
Inductances (L1, L2) 
Inductances (LG) 
Hysteresis constant (h) 
 
3.5 kV 
3 kV/11 kV, 0.5 MVA, 2.5% reactance (Lf) 
1.5  
50 F 
20 mH and 16.0 mH 
28.86 mH 
10-5 
Angle Controller 
Proportional gain (Kp) 
Integral gain (KI) 
 
 0.15 
 4.0 
Droop Coefficients 
Powerangle  
m1 
m2 
VoltageQ 
n1 
n2 
 
 
0.3 rad/MW 
0.24 rad/MW 
 
0.15 kV/MVAr 
0.12 kV/MVAr 
 
 
